ABSTRACT: Medium-sized ynolides were prepared by the Lewis acidmediated fragmentation of bicyclic γ-silyloxy-β-hydroxy-α-diazolactones in which the Cβ−Cγ bond is the ring fusion bond. Although these lactone fragmentation substrates reacted somewhat less efficiently than their carbocyclic counterparts, the fragmentation provided 11-membered ynolides in up to 84% yield. Unlike prior fragmentations of similar substrates, elevated temperatures were required to obtain optimum yields of the ynolide products. The ynolides reported herein have ring sizes of 10 or 11, which are the smallest reported to date.
■ INTRODUCTION
Medium and large rings are common scaffolds in biologically active compounds, and there is growing interest in exploring macrocycles in therapeutic drug discovery programs. 1−4 Thus, the development of methods to prepare these structures is an important and ongoing area of research. 2, 3 Large-ring lactones that contain an alkyne within the ring (i.e., ynolides 5, 6 ) are not common species but have proven to be useful synthetic intermediates in a number of macrolide natural product syntheses. For example, Smith and Malamas 7 subjected an ynolide intermediate to partial reduction as a way to stereoselectively form a cis-alkene in their synthesis of cisnormethyljatropholactone. Macrolactonization of alkynoates followed by partial reduction has also been used in the syntheses of phorboxazole B 8−10 and laulimalide 11−20 as a way to circumvent isomerization of the requisite cis-enoate during the macrolactonization step. In addition, Danishefsky and coworkers took advantage of ynolides as Diels−Alder dienophiles in their approach to resorcinylic fused macrolides. 5, 6 These useful synthetic intermediates have been typically prepared through conventional macrocycle formation techniques, namely, macrolactonization and alkene or alkyne ring-closing metathesis. 21 In addition, Ogasawara and co-workers 22 reported a Pd-catalyzed carbomacrolactonization procedure that provides moderate yields of ynolides that are 15-membered or larger. Unfortunately, all of these strategies suffer from the common limitation of macrocyclization strategies, namely, the requirement of high-dilution conditions. To the best of our knowledge, no ynolides having a ring size smaller than 14 have been reported.
We recently disclosed that bicyclic γ-silyloxy-β-hydroxy-α-diazoketones in which the Cβ-Cγ bond is the ring fusion bond fragment in the presence of a Lewis acid to provide 10-, 11-, and 12-membered cyclic 2-alkynones in good to excellent yields (Scheme 1). 23 In view of the fact that γ-silyloxy-β-hydroxy-α-diazoesters fragment as efficiently as their ketone analogues, 24 ,25 we sought to extend this methodology to the preparation of the corresponding medium-and large-ring ynoates by fragmentation of bicyclic diazo lactones. While ultimately successful in delivering 10-and 11-membered ynolides, the fragmentation of these bicyclic lactones was not as straightforward as the fragmentation of the corresponding ketone species, and we describe our results herein.
■ RESULTS AND DISCUSSION
Our initial target for these studies was 10-membered ynolide 9 that we envisioned would come from fragmentation of diazo lactone 8, which we prepared as shown in Scheme 2. Formylation of cyclohexanone with the Vilsmeier reagent 26 followed by reduction with sodium borohydride 27 gave allylic alcohol 4 in 75% yield over the two steps. Subsequent dihydroxylation with osmium tetroxide provided 1,2-ketodiol 5 in an unoptimized yield of 34%. Reaction of 5 with ptoluenesulfonylhydrazone glyoxylic acid chloride (6) 28 provided diazoester 7, which was then treated with DBU to effect an intramolecular aldol addition providing the requisite bicyclic diazo lactone 8 in 37% yield over two steps. 29 Unfortunately, subjecting diazo 8 to the standard fragmentation conditions led only to the formation of an insoluble precipitate; none of the desired fragmentation product was observed. All of the fragmentation substrates we previously studied had the γ-oxygen protected as a silyl ether, and with this in mind we attempted to convert diol 5 into the bis(tert-butyldimethylsilyl) ether and then selectively deprotect the primary alcohol. Unfortunately, these attempts were not successful.
Ultimately, we prepared γ-silyloxy-β-hydroxy-α-diazolactone 16 by the route shown in Scheme 3. Pd-mediated α-oxygenation 30 of commercially available ethyl 2-oxocyclohexanecarboxylate (10) gave α-hydroxy-β-keto ester 11, which was converted into bis(silyl ether) 12 in which the ketone is conveniently protected as the silyl enol ether. Reduction of the ester with DIBAL-H and subsequent selective cleavage of the silyl enol ether with CsF in acetic acid provided keto alcohol 14, and acylation of the primary alcohol with bromoacetyl bromide gave bromoacetate 15. Treatment of 15 with N,N′-ditosylhydrazine 31 in the presence of DBU provided the corresponding diazo ester, which spontaneously cyclized to give diazo lactones 16-trans and 16-cis as separable diastereomers.
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In view of the high yields we observed for the fragmentation of bicyclic diazo ketones (Scheme 1) and acyclic diazo esters, 25 we were surprised to observe that subjecting diazo lactones 16-trans and 16-cis to the standard fragmentation conditions (i.e., 1 equiv of SnCl 4 at 0°C) provided cyclic ynoate 9 ( Figure 1 ) in only 10% and 12% yield, respectively. We thought that hydrolysis of the strained ynoate might be a facile reaction that would complicate isolation, but carrying out the fragmentation in the presence of molecular sieves did not improve the reaction outcome. We next assessed the ability of other Lewis acids to mediate the fragmentation and found that zinc chloride provided no reaction while indium triflate gave a mixture of epoxide 17 in 5% yield and diene 18 in 31% yield ( Figure 1 ). Treating the fragmentation precursor with BF 3 · OEt 2 in acetonitrile at 0°C provided the desired product 9 in only 6% isolated yield. To buffer against any acid that might be formed over the course of the BF 3 ·OEt 2 -mediated reaction, we included a proton sponge in the mixture, but this did not provide an increase in the yield. Interestingly, when BF 3 ·OEt 2 was added to a −78°C solution of the fragmentation precursor in dichloromethane, none of the desired product was formed. Instead, desilylated diene 19, which had not been observed previously, was formed as the major product. With this in mind, we attempted the fragmentation with SnCl 4 at both −78°C and room temperature. At low temperature the desired product was formed only as a minor component of a complex mixture, but treating the cis-fused fragmentation precursor 16-cis with 1 equiv of SnCl 4 at room temperature provided the desired lactone product in 21% yield. Ultimately, we discovered that adding 16-trans or 16-cis to a refluxing solution of SnCl 4 in dichloromethane provided the desired product in 17% or 33% yield, respectively. Crystallization of 9 from cold methanol provided crystalline material, and the structure of 9 was further confirmed by single-crystal X-ray diffraction, which showed the alkyne to be distorted from linearity by approximately 10°.
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This distortion is consistent with values computed for cyclodecyne.
34
In considering why diazo lactone 16-cis fragmented in lower yields than its carbocyclic counterpart 1a (Scheme 1), we hypothesized that the proximity of the inductively electronwithdrawing ester to the bond that breaks might slow the bondbreaking step and increase the likelihood of competitive side reactions. To evaluate this supposition, we prepared diazoacetate 21 (Scheme 4), 35 which has the ester and the breaking bond in the same relative position as in 16. Subjecting this compound to the standard fragmentation conditions resulted in a smooth transformation to give ynoate 22 in 70% isolated yield. This result indicates that the low yields observed in the fragmentation of 16 are most likely not due to the position of the electron-withdrawing ester.
To see whether the ring size affected the outcome of the fragmentation reaction, we envisioned preparing homologues of diazo lactone 16 in which either the carbocyclic ring or the ring containing the diazo ester was enlarged. With this in mind, we prepared diazo lactone 29 (Scheme 5), in which the ring bearing the diazo group has been enlarged by one methylene unit. Addition of allylmagnesium bromide to the known 2-silyloxycyclohex-2-enone 23 provided a tertiary alcohol that was converted into ketone 24 via a base-catalyzed silyl transfer reaction. 36 Ozonolysis of alkene 24 provided aldehyde 25 in high yield, and selective reduction of the aldehyde with Raney nickel 37 provided the primary alcohol as hemiacetal 26. The hemiacetal was converted into diazo ester 28 by acylation and subsequent diazotization as described for the preparation of 16 (Scheme 3), but in this case cyclization did not spontaneously occur. However, treatment of 28 with LiHMDS under dilute conditions at low temperatures effected the ring closure and gave a single diastereomer (tentatively assigned as trans) of the desired bicyclic fragmentation precursor 29 in 69% yield. Upon treatment with 1 equiv of SnCl 4 at 0°C, diazo 29 fragmented to provide the 11-membered cyclic ynoate 30 in 50% yield. The yield of 30 increased to 63% when the reaction was run at reflux temperature. The higher yields obtained for this enlarged ring system seem to indicate that ring size does indeed play a role in the fragmentation outcome.
We next focused on preparing homologues of 16 (Scheme 3) in which the carbocyclic ring was expanded by one or two methylene units by routes analogues to that used for the preparation of 16. While diazotization of 36a (n = 2; Scheme 6) led directly to the diastereomeric bicyclic fragmentation precursors 38a-trans and 38a-cis, diazotization of 36b (n = 3) provided the linear diazo species 37b. Interestingly, in our prior work with the carbocyclic derivatives of these diazo compounds 23 we noted a similar difficulty in forming the bicyclo-[4.6.0] ring system (1c, Scheme 1) and observed that at equilibrium the system exists predominantly in the ring-opened form. Attempts to convert 37b to its ring-closed form by treatment with DBU failed to yield any desired product.
In an attempt to drive the ring closure under more strongly basic and nonequilibrating conditions, we treated 37b with LiHMDS to provide a material we initially assigned as the homologue of 38a-cis in 64% yield. However, attempts to fragment this latter material did not provide any desired ynolide product, which was surprising in view of the fact that the carbocyclic variant 1c (Scheme 1) had fragmented in 93% yield. 23 Ultimately, full characterization of the cyclization product revealed that it was in fact the spectroscopically similar diazo lactone 39 (Scheme 7). Although the desired ring closure had occurred, the initially formed alkoxide product apparently underwent a subsequent silyl migration and translactonization. We have never encountered silyl migration in any of our prior work with similar substrates, and it is unclear why it occurred in this case. However, considering that the ring-closure step itself is unfavorable, it seems likely that in this case silyl migration is promoted by unfavorable steric interactions in the ring-closed form. This rearrangement is an unanticipated complication that is not possible in the carbocyclic series. Unfortunately, attempts to circumvent this rearrangement have not been fruitful. Subjecting diazo lactone 39 to the standard ring-fragmentation conditions returned cyclic ether 40 in 80% yield.
We were pleased to find that upon treatment with SnCl 4 at 0°C , diazo lactone 38a-cis productively fragmented to give 11-membered cyclic ynoate 41 in 64% yield, while 38a-trans provided the desired product in 57% yield. At 40°C these yields increased to 84% and 67%, respectively (Scheme 8). These results further support the notion that ring size is an important factor affecting the fragmentation outcome.
■ CONCLUSIONS
While bicyclo [5.4 .0] and -[4.5.0] diazo systems 29 and 38a-cis fragmented to provide the corresponding 11-membered ynolides in 63% and 84% yield respectively, the bicyclo[4.4.0] homologue 16-cis provided the 10-membered ynolide in at best 33% yield; as observed in our prior studies, 23 the corresponding trans-fused bicyclic diazo lactones consistently fragmented in slightly lower yields. Attempts to form the bicyclo[4.6.0] diazo lactone system failed because of an unexpected silyl migration and translactonization event. At this point it is clear that the fragmentation of bicyclic diazo lactones to provide ynolide products is not as straightforward or high-yielding as the fragmentation of their carbocyclic counterparts, which gives large-ring ynones (Scheme 1). It is unclear why these systems behave differently, and computational studies to shed light on this interesting reactivity trend are planned. It is noteworthy that the ynolides presented here have the smallest ring size reported to date; all prior examples of this structural motif are 14-membered 2 or larger. (4) . POCl 3 (9.32 mL, 0.1 mmol) was added slowly to a 0°C solution of DMF (10.84 mL, 0.14 mmol) in trichloroethylene (20 mL) at such a rate as to maintain the reaction temperature below 10°C. The mixture was allowed to warm to room temperature, and cyclohexanone (11.4 mL, 0.11 mmol) in trichloroethylene (25 mL) was added at such a rate as to maintain the reaction temperature below 60°C; the reaction mixture was then maintained at 55−60°C for 3 h. The mixture was cooled in an ice bath, and a solution of NaOAc (40 g) in water (94 mL) was added slowly over 1 h, keeping the reaction temperature below 35°C. The layers were separated, and the aqueous layer was extracted with CH 2 Cl 2 (2 × 50 mL). The organic layers were combined, washed with brine (2 × 200 mL) and water (200 mL), and dried over anhydrous Na 2 SO 4 . Anhydrous NaOAc (1 g) was added to the dried organic layer, and the solvent was reduced in vacuo. The residue was dissolved in 50 mL of MeOH, and the pH was adjusted to 8 by addition of a 10% aqueous NaOH solution at ice-bath temperature. NaBH 4 powder (3.78 g, 0.1 mmol) was added in small portions, and the mixture was stirred overnight at room temperature. The mixture was treated with 90 mL of water and extracted with EtOAc (3 × 90 mL). The organic layers were combined, washed with brine, and dried over anhydrous MgSO 4 . The solvent was evaporated, and the crude product was purified via flash silica gel chromatography (hexanes/EtOAc 20:1 to 5:1; R f = 0.62 in hexanes/EtOAc 2:1) to afford the title compound in 75% yield (10.99 g). The 1 H and 13 C NMR data for this material matched previously reported values.
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2-Hydroxy-2-(hydroxymethyl)cyclohexanone (5). OsO 4 (2.78 g, 0.27 mmol) was added to a room-temperature solution of (2-chlorocyclohex-1-en-1-yl)methanol (4) (2 g, 13.67 mmol) and NMO (3.20 g, 27.33 mmol) in a mixture of THF (46 mL) and water (23 mL), and the mixture was stirred for 48 h. Then Na 2 SO 3 (10 g) was added, and the mixture was stirred for an additional hour. The mixture was filtered through a pad of silica gel, which was then washed with EtOAc (150 mL). The solvents were removed in vacuo to provide an oily residue that was purified by silica gel flash chromatography (hexanes/EtOAc 2:1; R f = 0.23 in hexanes/EtOAc 1:1) to afford the known compound 2-hydroxy-2-(hydroxymethyl)cyclohexanone as a (1-Hydroxy-2-oxocyclohexyl)methyl 2-Diazoacetate (7). 2-Hydroxy-2-(hydroxymethyl)cyclohexanone (5) (0.15 g, 1.03 mmol) in CH 2 Cl 2 (1 mL) was added to a 0°C solution of p-toluenesulfonylhydrazone glyoxylic acid chloride (6) 28,41 (0.29 g, 1.14 mmol) in CH 2 Cl 2 (10 mL) to provide a light-yellow solution. Et 3 N (0.35 mL, 2.30 mmol) in CH 2 Cl 2 (0.7 mL) was added dropwise, causing the color of the reaction mixture to become deep yellow. The reaction mixture was allowed to warm in the ice bath to room temperature over a period of 4 h, at which point the solvent was removed in vacuo. The solid residue was suspended in toluene (10 mL) and mixed with Florisil (1 g), and the solids were removed by filtration and rinsed with toluene (75 mL). The filtrate was concentrated under reduced pressure, and the crude product was used in the next step for the formation of 8 without further purification (R f = 0.50 in hexanes/EtOAc 1:1 (8) . DBU (0.15 mL, 0.97 mmol) was added dropwise to a solution of diazoester 7 (0.14 g, 0.65 mmol) in CH 2 Cl 2 (13 mL) at room temperature, and the mixture was stirred for 12 h, at which point saturated aqueous NH 4 Cl (15 mL) was added. The layers were separated, and the aqueous layer was extracted with CH 2 Cl 2 (3 × 15 mL). The organic layers were combined, dried over anhydrous MgSO 4 , and filtered. The filtrate was evaporated under reduced pressure to give an orange-red oily residue. Flash column chromatography (hexanes/EtOAc 3:1; R f = 0.21 in hexanes/EtOAc 1:1) on a Davisil solid support provided the title bicyclic diazo lactone as a yellow solid in 37% yield (0.081 g) over two steps starting from 5. ; MS (ESI) calcd for [C 9 2 Cl 2 (0.25 mL, 0.25 mmol) was added in a steady stream to a solution of bicyclic diazo lactone 16-cis (0.0826 g, 0.25 mmol) in dry CH 2 Cl 2 (6.3 mL) at 0°C. The yellow solution initially turned colorless and then became deep yellow in color. After 30 min, 5% aqueous NaHCO 3 (12 mL) was added, and the mixture was transferred with the aid of CH 2 Cl 2 (10 mL) into a separatory funnel. The layers were separated, and the aqueous layer was extracted with CH 2 Cl 2 (3 × 10 mL). The organic layers were combined and dried over anhydrous NaSO 4 . The solvents were removed in vacuo, and the residue was subjected to flash column chromatography on Davisil (hexanes/EtOAc 10:1, 6:1, 1:1; R f = 0.13 in hexanes/EtOAc 1:1) to afford pure cyclic ynoate 9 in 12% yield (0.005 g). The yield increased to 21% (0.0089 g) when the same procedure was followed at room temperature. According to the same procedure at 0°C, diazo lactone 16-trans provided the title compound in 10% yield as determined via NMR analysis using mesitylene as an internal standard. Crystallization from cold methanol provided crystals suitable for X-ray crystallography (mp 95°C). 1 and bicyclic diazo lactone 16-cis (0.0818 g, 0.25 mmol) in dry CH 2 Cl 2 (1 mL) was then added in one portion. The vial containing the bicyclic diazo lactone was rinsed with 1.3 mL of CH 2 Cl 2 , and this too was added to the refluxing reaction mixture. The mixture was held at reflux for 10 min and then cooled in an ice bath, at which point 5% aqueous NaHCO 3 (8 mL) was added and the mixture was transferred with the aid of CH 2 Cl 2 (10 mL) into a separatory funnel. The layers were separated, and the aqueous layer was extracted with CH 2 Cl 2 (3 × 10 mL). The organic layers were combined and dried over anhydrous Na 2 SO 4 . The solvents were removed in vacuo, and the residue was subjected to flash column chromatography on Davisil (hexanes/EtOAc 10:1, 6:1, 1:1; R f = 0.13 in hexanes/EtOAc 1:1) to afford pure cyclic ynoate 9 in 33% yield (0.0134 g). According to the same procedure, diazo lactone 16-trans provided the title compound in 17% yield as determined by NMR analysis using mesitylene as an internal standard.
Ethyl 1-Hydroxy-2-oxocyclohexanecarboxylate (11). A mixture of commercially available ethyl 2-oxocyclohexanecarboxylate (10) (4.69 mL, 29.4 mmol), 10% Pd/carbon (1.5 g), and Et 3 N (4.5 mL, 32.3 mmol) in EtOH (150 mL) was attached to a balloon of O 2 via a three-way stopcock. The air in the reaction flask was evacuated via an aspirator and replaced with oxygen three times, and the reaction mixture was stirred under O 2 overnight. The mixture was filtered through Celite, and the solids were rinsed with EtOH (100 mL). The filtrate was concentrated in vacuo, and the oily residue was purified by silica gel flash column chromatography (hexanes/EtOAc 6:1; R f = 0.35 in hexanes/EtOAc 5:1) to give the α-oxygenated product as a colorless oil in 69% yield (3.77 g). The 1 H and 13 C NMR spectral data matched previously reported values.
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Ethyl 1,2-Bis(tert-butyldimethylsilyloxy)cyclohex-2-enecarboxylate (12) . 42 2,5-Lutidine (0.35 g, 3.25 mmol) and TBSOTf (0.86 g, 3.25 mmol) were added sequentially to a 0°C solution of α-hydroxy-β-ketoester 11 (0.20 g, 1.08 mmol) in CH 2 Cl 2 (5 mL). The mixture was allowed to warm to room temperature overnight and was then cooled to 0°C before the addition of saturated aqueous NaHCO 3 (10 mL). The layers were separated, and the aqueous layer was extracted with CH 2 Cl 2 (3 × 10 mL). The organic layers were combined, dried over anhydrous MgSO 4 , and filtered. Upon removal of the solvent, the filtrate gave an oily residue that was purified by silica (1,2-Bis(tert-butyldimethylsilyloxy)cyclohex-2-enyl)-methanol (13). 43 DIBAL-H (44.4 mL, 52.97 mmol) was added dropwise to a −78°C solution of 12 (9.98 g, 24.08 mmol) in toluene (240 mL), and the resulting mixture was stirred for 1 h at −78°C, transferred to a 0°C bath, and quenched with 150 mL of saturated potassium sodium tartrate tetrahydrate. The mixture was allowed to warm to room temperature overnight with efficient stirring. The reaction mixture was extracted with EtOAc (3 × 150 mL), and the organic layers were combined, washed with water and brine, and dried over anhydrous MgSO 4 . The mixture was filtered and concentrated in vacuo to give an oily residue that was purified via silica gel flash column chromatography (hexanes/Et 2 O 20:1; R f = 0.68 in hexanes/ EtOAc 5:1) to afford the title compound as a colorless oil in 69% yield (6.19 g 2-(tert-Butyldimethylsilyloxy)-2-(hydroxymethyl)-cyclohexanone (14) . 44 Acetic acid (0.45 g, 0.53 mL, 7.42 mmol) and CsF (0.56 g, 3.7 mmol) were added sequentially to a 0°C solution of 13 (0.55 g, 1.48 mmol) in a mixture of CH 3 CN (21.4 mL) and MeOH (8.6 mL). The mixture was allowed to warm to room temperature overnight and was then recooled to 0°C and diluted with 20 mL of EtOAc, and saturated NaHCO 3 solution was added. The resulting white precipitate was separated via vacuum filtration, and the layers in the filtrate were separated. The aqueous layer was extracted with Et 2 O (3 × 30 mL), and the organic layers were combined, washed with saturated NaHCO 3 and brine, and dried over anhydrous MgSO 4 (1-(tert-Butyldimethylsilyloxy)-2-oxocyclohexyl)methyl 2-Bromoacetate (15). Bromoacetyl bromide (0.57 mL, 6.51 mmol) was added dropwise to a 0°C solution of alcohol 14 (0.56 g, 2.17 mmol) and pyridine (0.44 mL, 5.43 mmol) in dry CH 2 Cl 2 (21 mL), and the resulting white suspension was stirred at room temperature for 5 h. The mixture was cooled to 0°C, and MeOH (0.7 mL) was added, at which point the white suspension became a clear solution. Saturated aqueous NH 4 Cl (20 mL) was added, and the layers were separated. The aqueous layer was extracted with CH 2 Cl 2 (3 × 20 mL), and the organic layers were combined and dried over anhydrous MgSO 4 . The solvents were removed in vacuo, and the resulting oily residue was purified by flash silica gel column chromatography (hexanes/EtOAc 8:1; R f = 0.47 in hexanes/EtOAc 5:1) to provide the desired bromoacetate as an oil in 90% yield (0.74 g). 1 
8a-(tert-Butyldimethylsilyloxy)-4-diazo-4a-hydroxyhexahydro-1H-isochromen-3(4H)-one (16-cis and 16-trans).
31 N,N′-Ditosylhydrazine (3.81 g, 11.19 mmol) was added to a 0°C solution of bromoacetate 15 (2.12 g, 5.59 mmol) in THF (56 mL), at which point DBU (5.19 mL, 34.6 mmol) was added dropwise. The mixture was stirred at room temperature for 8 h and then cooled to 0°C, and saturated aqueous NaHCO 3 (60 mL) was added. The organic layer was separated, and the aqueous layer was extracted with CH 2 Cl 2 (3 × 60 mL). The organic layers were combined and dried over anhydrous CaCl 2 , and the solvents were removed by evaporation to give a crude solid product. The crude product was purified via flash column chromatography (hexanes/EtOAc 8:1, 6:1, 4:1, 2:1, 1:1) on a Davisil solid support to provide the bicyclic diazo lactone as two separated diastereomers that had the following spectral data:
rel-(4aS,8aR)-8a-(tert-Butyldimethylsilyloxy)-4-diazo-4a-hydroxyhexahydro-1H-isochromen-3(4H)-one (16-cis). Yield 0.62 g, 34%; R f = 0.31 in hexanes/ 3 (0.173 g, 0.31 mmol, dried in a vacuum oven at 180°C for 16 h before use) in CH 2 Cl 2 (4 mL). The mixture was allowed to warm to room temperature over 2 h, at which point water (8 mL) was added. The layers were separated, and the aqueous layer was extracted with CH 2 Cl 2 (3 × 10 mL). The organic layers were combined, dried over anhydrous MgSO 4 , and filtered, and the solvent was evaporated to give an oily residue that was purified by flash column chromatography on Davisil (hexanes/EtOAc 8:1, 5:1, 3:1) to provide epoxide 17 (R f = 0.46 in hexanes/EtOAc 5:1) in 5% yield (0.005 g) and diene 18 (R f = 0.21 in hexanes/EtOAc 5:1) in 31% yield (0.027 g) with the following spectral data: r e l - ( 1 1 (19) . BF 3 ·OEt 2 (0.045 mL, 0.36 mmol) was added in a steady stream to a solution of bicyclic diazo lactone 16-trans (0.12 g, 0.36 mmol) in dry CH 2 Cl 2 (7 mL) at −78°C. After 1.5 h, distilled water (7 mL) was added at 0°C, and the mixture was transferred with the aid of CH 2 Cl 2 (10 mL) into a separatory funnel. The layers were separated, and the aqueous layer was extracted with CH 2 Cl 2 (3 × 15 mL). The organic layers were combined and dried over anhydrous MgSO 4 , and the solvents were removed in vacuo. The residue was subjected to flash column chromatography on Davisil (hexanes/EtOAc 2:1, 1:1; R f = 0. 45 (20) . 45 Acetic anhydride (0.43 mL, 4.58 mmol), DMAP (0.0023 g, 0.02 mmol), and Et 3 N (0.71 mL, 5.08 mmol) were added sequentially to a 0°C solution of alcohol 14 (0.26 g, 1 mmol) in CH 2 Cl 2 (5 mL). The mixture was stirred for 2 h at 0°C, and then water (5 mL) was added. The organic layer was separated, the aqueous layer was extracted with CH 2 Cl 2 (3 × 10 mL). The organics were combined, dried (Na 2 SO 4 ), and concentrated. The product was purified by silica gel flash column chromatography (hexanes/EtOAc (12 mL). After the mixture was stirred for 30 min at −78°C, saturated aqueous NH 4 Cl (12 mL) was added. The mixture was allowed to warm to room temperature, and the layers were separated. The aqueous layer was extracted with EtOAc (3 × 15 mL), and the organic layers were combined, washed with brine, and dried over anhydrous CaCl 2 . The solvents were evaporated, and the crude yellow oily residue was purified via silica gel flash column chromatography (hexanes/Et 2 O 7:1, 5:1, 3:1) on a Davisil support to provide the acetate diazoester as two separate diastereomers. Both diastereomers were isolated together with an inseparable unknown impurity. The major diastereomer was obtained in 41% yield (0.14 g) as determined by NMR analysis using mesitylene as an internal standard (R f = 0.42 in hexanes/EtOAc 5:1), and the minor diastereomer was obtained in 8% yield (0.030 g) as determined by NMR analysis using mesitylene as an internal standard (R f = 0.26 in hexanes/EtOAc 5:1).
S , 5 a R , 8 a R ) -5 a -( t e r t -B u t y l d i m e t h y l s i l y l o x y ) -hexahydrooxireno[2,3-d]isochromen-8(8aH)-one (17
Data for the major diastereomer: 3H) ; 13 (22) . According to representative experimental procedure 1 that was used to prepare 9, the major diastereomer of diazoester 21 (0.060 g, 0.14 mmol) reacted at 0°C to give tethered ketone ynoate 22 in 70% yield (0.024 g) after purification via flash chromatography on Davisil (hexanes/EtOAc 10:1, 8:1, 6:1, 4:1, 3:1, 2:1, 1:1; R f = 0.11 in hexanes/EtOAc 5:1); the yield was determined to be 83% via NMR analysis using mesitylene as an internal standard. Under the same experimental conditions, the minor diastereomer of diazoester 21 (0.049 g, 0.12 mmol) provided the title compound in 54% isolated yield (0.012 g); the yield was determined to be 61% via NMR analysis using mesitylene as an internal standard. 1 H NMR (500 MHz, CDCl 3 ) δ 4.63 (s, 2H), 4.20 (q, J = 7.1 Hz, 2H), 2.45 (t, J = 7.1 Hz, 2H), 2.34 (t, J = 7.1 Hz, 2H), 2.16 (s, 3H), 1.73 (tt, J = 7.9, 7.0 Hz, 2H), 1.60 (tt, J = 7.6, 7.1 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H); 13 36 was made according to the literature procedure. During the addition the colorless solution became yellow in color. After 3 h of stirring at 0°C, the reaction mixture was quenched with 50 mL of aqueous NH 4 Cl solution, and the resulting mixture was warmed to room temperature. The organic layer was separated, and the aqueous layer was extracted with Et 2 O (3 × 50 mL). The organic layers were combined, washed with brine, dried over anhydrous MgSO 4 , and concentrated to give an oily residue. This residue, which contained the crude tertiary alcohol (2.72 g, 10.13 mmol), was dissolved in 50 mL of dry MeOH and cooled to 0°C. K 2 CO 3 (0.07 g, 0.5 mmol) was added, and the mixture was stirred at room temperature for 1 h. The mixture was concentrated to give an oily residue, which was dissolved in 50 mL of Et 2 O and washed with brine. The organic layer was dried over anhydrous MgSO 4 and concentrated down to an oily residue. Purification via flash silica gel chromatography (hexanes/Et 2 O 50:1; R f = 0.45 in hexanes/EtOAc 40:1) provided the title compound in 83% yield (2.95 g). The 1 H and 13 C NMR spectral data were identical to the reported values. 46 2-(1-(tert-Butyldimethylsilyloxy)-2-oxocyclohexyl)-acetaldehyde (25). 47 A solution of allyl ketone 24 (1.27 g, 4.73 mmol) in CH 2 Cl 2 (50 mL) was cooled to −78°C, and ozonized oxygen gas was passed through the solution at a rate of 1 L/min until the solution became blue in color, at which point the solution was purged with nitrogen until the blue color disappeared. Then triphenylphosphine (2.48 g, 9.46 mmol) was added, and after 30 min the mixture was allowed to warm to room temperature over a period of 2 h. The solvent was removed, and the crude product was purified via flash column chromatography on a Davisil support (hexanes/EtOAc 10:1, 2:1; R f = 0.23 in hexanes/EtOAc 8:1) to afford the title aldehyde in 93% yield (1.19 g). , 3H) , 0.14 (s, 3H); 13 (23 mL) , and the resulting heterogeneous mixture was stirred overnight at room temperature. The mixture was cooled to 0°C, and then MeOH (0.25 mL) was added, at which point the white suspension became a clear solution. Saturated aqueous NH 4 Cl (25 mL) was added, and the layers were separated. The aqueous layer was extracted with CH 2 Cl 2 (3 × 25 mL), and the organic layers were combined, dried over anhydrous MgSO 4 , and filtered. The solvents were removed in vacuo, and the resulting oily residue was purified by flash silica gel column chromatography (hexanes/EtOAc 20:1; R f = 0.48 in hexanes/EtOAc (28) . Diazo ester 28 was prepared from bromoacetate 27 by the same procedure used to make 16-cis. The product was purified via filtration through a pad of Davisil using an 8:1 hexanes/ EtOAc mixture as the eluent to provide the title compound (R f = 0.28 in hexanes/EtOAc 4:1) in 85% yield (0.51 g). 1 4 Cl solution (24 mL) was added to the reaction mixture at −78°C, and the mixture was allowed to warm to room temperature. The mixture was extracted with EtOAc (3 × 70 mL), and the organic layers were combined, washed with brine, dried over anhydrous CaCl 2 , filtered, and concentrated to a solid residue. Flash column chromatography of the crude product over Davisil (hexanes/EtOAc 4:1, 2:1, 1:1; R f = 0.21 in hexanes/EtOAc 3:1) afforded a single diastereomer of the title product in 69% yield (0.035 g). 1 The title compound was prepared from commercially available methyl 2-oxocycloheptanecarboxylate (31a) (2.01 g, 11.8 mmol) by the method described for the preparation of 11. Purification of the crude product via flash silica gel chromatography (hexanes/EtOAc 8:1; R f = 0.25 in hexanes/EtOAc 5:1) afforded the title compound in 66% yield (1.44 g). The 1 H and 13 C NMR spectral data matched previously reported values. 48 Ethyl 1-Hydroxy-2-oxocyclooctanecarboxylate (32b). The title compound was prepared from commercially available ethyl 2-oxocyclooctanecarboxylate (31b) (4.88 g, 24.8 mmol) by the method described for the preparation of 11. Purification of the crude product via flash silica gel chromatography (hexanes/EtOAc 6:1; R f = 0.27 in hexanes/EtOAc 5:1) afforded the title compound in 99% yield (5.26 g 18 (s, 3H) , 0.14 (s, 3H), 0.12 (s, 3H); 13 
